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Why this coastal groundwater modelling?

Coastal fresh groundwater is main water resource for ~50% of the coastal world population

Groundwater is important for drinking water, agriculture , industry , as well as ecosystems & river baseflows
Right now , fresh groundwater resources are threatened by excessive pumping , and reduced replenishments
Projected climate change impacts, inducing sea-level rise , will worsen this situation

We need quantified storylines on fresh groundwater availability under stress in data-poor coastal zones

These storylines should be linked to droughts, land subsidence, flooding, (human) health and biodiversity

Depletion
results in
subsidence

' of our drinking
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Why do we need large scale (world, region, country) groundwater models?

Make more informed decisions
A Identify priority areas in the world, region, country
A Identify drivers of risk _ |
A Assess the trends and their magnitude ¢ /

<

_extractions

rate .

A Assess their contribution to the risk 1 Salt dan SR

Crops

A Assess potential solutions, like MAR overwash / [

ro

_SGD:
,Ssubmarine -

N
\\ ///'aroungwater

< discharhge

OFG: offshore/
fresh

groundwater?

Relevant in data -scarce areas

One central database for hydrogeological data

Why variable-density groundwater modelling anyway?

https://deltalife.deltares.nl/september_2022_en/salinisation_the_slow_disaster

A ~30% of the world population lives in the coastal zone

A Mixing just 1 litre of saline water with 50 litres of fresh water can already make the water unsuitable for many uses

A Groundwater salinity affects groundwater flow



However

A Simplification of the reality

A Quality of input and concept = quality of output

A Perfect fit between field data measurements and model results is suspicious
A Tool only useful when accompanied with of expert knowledge

Best practices groundwater (salinity) modelling
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Use of water models in the Netherlands

EXAMPLE



lJssel Lake level ina dry year (m +NAP) FlmmI g m small streams |n nature areas,

National Water Model I |
since ~2005 A -

Visualisation fresh water status S L

Integrating water quality, subsidence, N s
sealevel rise, spatial adaptation,
climate mitigation e
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* & plausible future assumirg strong dimate change and socio-economic developmznts




Impact modules /\

Loss of revenues
Higher prices
Higher irr. cost

Soil moisture Less yield
,'. Chloride conc. More irrigation

Lower load volume,
e Water depth Waiting time locks, Less demand
h (minimal) Detouring Higher costs

III Discharge Water inlet sto Investmentt g bélj fer
Water quality P capacity an
W water treatment
e Discharge No water inlet Investtmetnt mtwater
Water quality Corrosion reatment,
water dilution

Dischar '
scharge Impact vegetation,

ther q_uallty Insects, birds, fish
Soil moisture

Chloride conc

Loss of biodiversity,
ecotopes
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Some results of the National Water Model

Base assessment freshwater - results

Groundwater levels (m) M)
Difference climate

change 2050 scenario
versus 2015

Water demand summer lJsselmeergebied
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Referentie 2015 Supply for level control | %00 7
Rust 2050 Shortage for level control W(er2085 -, . ref2015
Druk 2050 Supply for flushing -0,15 K .
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Example of model result: Water balance NL (in - out), used
by the Ministry of Water Resources and Infrastructure

Waterbalance in dry summer under present climate Deltares
Water demand Distribution Water supply
Afsluitdijk (40)
Noordzeekanaal (35) IJssel (150)

Nieuwe Waterweg (500)
Rijn (900)

Waal (725)

Volkerak-Zoommeer (35)
Noord (140)

West (60)

Rivierengebied (70)
Hoge Zandgronden (40) %

Zuidwestelijke Delta (15) ~~ SHORTAGE (5)

Maas (30)

Units in m3/s

W Rijkswaterstaat

De[t(] freés Mens, M. J.P., Pouwels, J., Weiler, O., Delsman, J. R., & Huismans, Y. (2024). De zoetwaterbalans van laag
Nederland in een warmer klimaat. Deltares Report 11210362-000-ZWS-0001, 35.

Environment

Ministry of Infrastructure and the
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Example of model result: Water balance NL (in - out), used
by the Ministry of Water Resources and Infrastructure

Waterbalance with +2 ° warming and 0.4m sea -level rise Deltares
Water demand Distribution Water supply
Afsluitdijlkc (100) (40)

Noordzeekanaal (35) IJssel (100)

. Rijn (700)
Nieuwe Waterweg (540) (500 Waal (575) i .I

Volkerak-Zoommeer (35) Maas (10)

Moord (230)
SHORTAGE (460) (was 5)

West (B5)
Rivierengehied (75)

Hoge Zandgronden (50)
Zuidwestelijke Delta (20)

Units in m3/s

W Rijkswaterstaat
Ministry of Infrastructure and the
Environment

De[t(] freés Mens, M. J.P., Pouwels, J., Weiler, O., Delsman, J. R., & Huismans, Y. (2024). De zoetwaterbalans van laag
Nederland in een warmer klimaat. Deltares Report 11210362-000-ZWS-0001, 35.
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Example of model result: Water balance NL (in - out), used
by the Ministry of Water Resources and Infrastructure

Waterbalance with +2 © warming and 1m sea -level rise Deltares
Water demand Distribution Water supply

Afsluitdijk (110) (40)
MNoordzeekanaal (40)

Rijn (700)
Nieuwe Waterweg (600) (500) Waal (575)

Maas (10)
Volkerak-Zoommeer (565)
Noord (265)
SHORTAGE (615) (was 5)
West (105)

Rivierengebied (75)
Hoge Zandgronden (50)
Zuidwestelijke Delta (25)

Units in m3/s

W Rijkswaterstaat

De[t(] freés Mens, M. J.P., Pouwels, J., Weiler, O., Delsman, J. R., & Huismans, Y. (2024). De zoetwaterbalans van laag
Nederland in een warmer klimaat. Deltares Report 11210362-000-ZWS-0001, 35.

Environment

Ministry of Infrastructure and the
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Example of model result: Water balance NL (in - out), used
by the Ministry of Water Resources and Infrastructure

Waterbalance with +2 ° warming and 2m sea -level rise  Deltares
Water demand Distribution Water supply

Afsluitdijk (130) (40)
Noordzeekanaal (45) (2

Rijn (700)
Waal (575)
Nieuwe Waterweg (700)

Maas (10)

Volkerak-Zoommeer (75) (35)

Noord (325) SHORTAGE (865) (was 5)

West (150)

Rivierengebied (75)
Hoge Zandgronden (50)
Zuidwestelijke Delta (25) (1!

Units in m3/s

W Rijkswaterstaat

De[t(] freés Mens, M. J.P., Pouwels, J., Weiler, O., Delsman, J. R., & Huismans, Y. (2024). De zoetwaterbalans van laag
Nederland in een warmer klimaat. Deltares Report 11210362-000-ZWS-0001, 35.

Environment

Ministry of Infrastructure and the
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National Hydrological Instrument i fresh-salt
since 2020

1. To facilitate variable -density groundwater and salt transport modeling for the 6 N H |
community®o

1 Data: 3D salinity distribution groundwater, surface water salinity concentrations
1 Tools: Scripting to build density-dependent groundwater models, scaling, analysis, visualisation

2. Build a national variable -density groundwatermodel n N Hresh-salto :
1 Based on/ consistent with dreshd L Kduvten(ly v4.0)
1 For solicy studies salinisation in the Netherlands
1 Transparent and reproducible modeling process

A Reviewed by external reviewteam ( Artesia , BGR, Uni Muenster , Uni Utrecht)

Deltares

A ARCADIS

W Rijkswaterstaat
Ministry of Infrastructure and the
Environment

Navigating groundwater salinity in (coastal) groundwater models



~ 5 Deltares > @ iMOD MHI fresh-salt

Application: NHI fresh-salt  |. . e

(National Hydrological Instrument) T Frofect 0 14235402

NHI

v W Unstar | 1 Y orork 1

o -0- 460 Commits F 5 Branches ¢731Tags [ 2.7 MBFiles [ 3.7 MB Storage

I Building of reproducible datasets and models to model density-dependent flow in the Netherlands Hydrolo...
- ad r

& master nhi-fresh-salt + - History Find file Web IDE | + 4o

SEAWAT + M3TD + bells & whistles
39 layers, 1300 rows, 1200 columns

A Fully scripted
A In version control
A One workflow from external data to figures

Openly available at:
https://gitlab.com/deltares/imod/nhi-fresh-salt

NHI fresh-sait pS0 groundwater Cl concentration

Deltares - I
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https://gitlab.com/deltares/imod/nhi-fresh-salt
https://gitlab.com/deltares/imod/nhi-fresh-salt
https://gitlab.com/deltares/imod/nhi-fresh-salt
https://gitlab.com/deltares/imod/nhi-fresh-salt
https://gitlab.com/deltares/imod/nhi-fresh-salt

3D interpolated present-day groundwater salinity (mg CI/L)

A Present-day groundwater salinity A 250 x 250m, 39 layers (31M active cells)
A Extended model 20 km seaward A Runtime ~ 2 days for 100 year simulation,
A Vertically detailed model layers parallel (16 cores) and after speed-ups

A Constructed using Toolbox NHI fresh-salt
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—200 ? - * ; SE;rgatmeting 2500
4 soft - zee 1000
+ soft- transgressie 300 Delsman, J.R., Oude Essink, G.H.P., Huizer, S., Bootsma, H., Mulder, T., Zitman, P., Romero Verastegui,
—-300 = soft - connaa t
1t prakzout 150 B., 2020. Actualisatie zout in het NHI - Toolbox NHI zoet-zout modellering en landelijk model,

0 10000 20000 30000 40000 50000 Deltares rapport 11205261-003-BGS-0001. Utrecht.
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Kennisprogramma Zeespiegelstijging, spoor II
Grondwaterverzilting en watervraag bij
een stijgende zeespiegel

Rapportnummer: 11208039-009-BGS-0001

N Eijkswaterstaat
Ministry of Infrastructure and the

Enviranment
Deltares
2
QO -~ IR , De zoetwaterbalans van laag Nederland
‘ i N = ) in een warmer klimaat

Kennisprogramma Zeespiegelstijging

Effecten zeespiegelstijging op
zoetwater in de Nederlandse
duinen

Rapportnummer: 11210315-005-8GS-0001
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Use of groundwater and subsidence models in the
Mekong, Vietnam

Deltares



Example storyline: Pathways to demonstrate the future Mekong delta:
linking groundwater extraction mmp subsidence mmp increased flood risk

Scenarios of future groundwater extraction pathways Future elevation of the delta
0 meter Scenario M4 Extraction-induced subsidence and absolute sea-level rise
0O == _ —
— M3 2030 2050 2100

_______________________ M2 x (raQ i B ¢

10 - 2018 level " > :
_% M1 _g M3 :‘

Q@ ~Mitigation scenarios = E

— o

20 - Q )
Q ' U =

—_ ) aroundwater levels E

§ — S :

30 T E=
= = © =

Q —

c>.§. L, B1 v

40 1 © " vE
Also model resolution of 1*1km? ;. voderate S

- ’ extraction increase (=]

SO I T T T T T T I T T T T T T T T T T T T LTI LT T I T T T T T T T T T T T T T T T T T T T T -05 0 1 8
2000 2025 2050 2075 2 100 Environmental Research Communications A (c_%

Minderhoud et al. (2020) Elevation (m a.m.s.l.) %

zZ
Among ot hers based of this research, 6Declawef Watér 7

Resources : develop and implement zoning plans to restrict groundwater overexploitation



Developments in groundwater salinity modelling

Data

1: Airborne groundwater salinity mapping

and citizen science , using monitoring devices for salinity

2: Al LLM Data mining hydrogeology , using Large Language Models, new global databases

3: Integrating techniques from 0D/1D/2D data to 3D model input (e.g., groundwater salinity, geology)

Model

4: Parallel computing plus smart model parameters

5: Paleo -reconstructions to improve initial groundwater salinity distribution

Knowledge sharing

6. (Open) python tools, open sources, GitHub, repositories, webportals ,

Making building & running parallel large

-scale groundwater salinity models possible

Navigating groundwater salinity in (coastal) groundwater models



s|jopow Jarempunolb (eiseod) ul Auulpes Jayempunolb BunebineN



Innovations to build large -scale 3D variable -density GW models

Six key innovations
1. Airborne
salinity
mapping,
e citizen
6 monitoring

- Define helper functions

:
2. Input Preparation_ 6. Flow Model (SEAWAT) . .
ot e G o Reproducible mining
- Store arrays -GHB, RCH, DRN, RIV, WEL, OC I
workflows & hydrogeologic
s en e
i ey e Aoy g esepe _ data, global
Buildin
4. Hydreqedogy _ g d ata
A h‘th%?l‘?)léyw‘, E«;ifsc,rgéégure 8. Write Model Files

_ Depth adjustments —ihfﬁgﬁ%ﬁles m O d e I S
R Gl e groundwater in
| deltas and

coastal zones 3. :
5. Paleo Interpolation

reconstruction techniques
salinity for geology ArchPy
and salinity

10. Visualization & Checks
- Input maps (DEM, ibound, K, por}
- Recharge & wells plots

Post-Glacial
Sea Level Rise

4. Parallel

computing,
: =8 speeds up to

e " s LB 100times

Meltwater Pulse 1A

-, Verkaik, J. et al., 2021. Adv. Water Resources



Component 1 : Airborne groundwater salinity mapping Deltares
- Method: TNO ™ .BVG_R

Combination helicopter measurements with knowledge

about subsurface and processes in frestine

groundwater, and geostatistical mapping via (multiple)

indicator kriging.

Results:

A Mappingof 3Dgroundwatersalinityand claylayers

o Delsman et al., 2018
Applications:

A strategicfreshgroundwaterusers & policy maker, T

e [uhmm)]

A support ASR (COASTAR)dastalzone
A identify brackishwater potential
A improvegroundwatermodels& monitoring

o y 3 Sy

Lithology

Chloride, per HEM layer [mg/l]

Legenda

- Viiegen, hoge intensitei
- Vliegen, midden intensi

International: , Viagers I i
A Project in Flanders, Belgium Madatichi thegen, nth ntensie

Alleen herinterpretatie

A Pilot Mekong, Vietnam ==[fp—

Reeds beschikbaar

-»,.chloride concentration

FRESHEM Zeeland
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Component 1: Citizen science, using simple monitoring devices
for salinity, especially in data-poor areas

Deltares Nitrate App
@ Map

Measurements

+ Login
€81 Docum: |
. B
(?]
Deltares
Enabling Delta Life ; .

e.g., Aquality App

Navigating groundwater salinity in (coastal) groundwater models



Component 2: data collection with Al Large Language Models

GEOLOGY
Structured data from images

EXAMPLE GEOLOGY: BORELOGS
Tested on ~500 borehole images from New Zealand,
provided by Utrecht University

FORMATION LOG SHEET oo

o ¢ = (e

[ 2e| il Jowbude |

o _trWLJL e

Ieds sy o »:’\7)‘5 7

wedd fepou 1

| ey el Cblysne |
N cadakie SRS B x
TR IR ;
2 | ylew bow Sand | & el = [P
il .- e \n- towidd W
AT R ST | B
N 5 - SanMbi 7 i
;B:r:lrog Tor‘Nw;u)Bg?é‘ggol 5315067 mN ‘@ Environment; NECIL R TR
rid Reference mi ml 22 | de_sandy matile; (ouohcoted,
Cocation Accuracy: 10-50m Canterbury L e
Ground Level Altitude: 27.0 m +MSD Accuracy: <25 m regionat Lounci — i I\
Driller: Texco Drilling Ltd a aite L lgesde wace) o b=
Drill Method: Rotary/Percussion Ov ) oy fe AL, s
Dec-! R R T 7
Borelog Depth: 36.0m  Drill Date: 22-Dec-2012 Wl bt [l bl 6GY,
Water F i) dn: Lo
Scsle(m)  Level Depth(m) Full Drillers Description
o20m TERSIL
H GRAVEL, ram bauidem
H 3.00m
GRAVEL, rar bouier, most
s
5.00m
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medium-srge rare bauklers
2.00m
S /grey verwash SRAVEL
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Ll 1200m
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15
16.00m
SUeTgey a8 bauReR, Some Sar,
water st waid on
1800m |
Sanay st
E 2000m
S igray ver s gravel watarat
i weid on
2400m

Index
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top_m

bot_m

Nodes
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GRAVEL
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a0« @ ¢

Data Colours
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2 - GRAVEL
3 BOULDER!
4 SILT
s I cLar
6 SAND
7 Clay & Gr
8 Cobbles
9 Gravels

o [ 7o
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s 40
288
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Component 2: data collection with Al Large Language Models

SALINITY

From extracting groundwater salinity from articles (pdfs)

Reset
‘ Search Q | -4

%" salt Water Intrusion Artlcles
B  Coastal Groundwater Network: https//cgniahorg  SWIME: hitg:

Country, Region, Location and ArticlelD by lat and long

o NORTH AMERICA

0. o & %]
%\5\\1}090 g Atlantic Ocean
lo}
o
e

1968 - 2025

- Info: gualbert,

Africa I Count
Algeria

Argentina ] 73 5
Asia

Australia

Drbhaman

Search by Theme

! All N
O
! Year
1968 2025
(o] o %)
SOUFHAMERICA
© (o] Indian Ocean 00 ABSTRC?C
. Book chapter C:%sr B 32er-;§u;e\‘\fad >

B” Microsoft Azure 2026 OSM €326 TomTom fesgback proceedings armee
Year Country Author, Title Doi Articlel Number of Articles by Theme Number of Articles by Type
2022 Eqypt Nosair, A. M, Shams, M. ¥, AbouElmagd, L. M., > :736 @4irborne EM @Analytical @ Case studies @Dispersion » @Book chapter @Other procee... @Peer-review... @Report »

Hassanein, A. E, Fryar, A. E, & Abu Salem, H. S. (2022).

Predictive model for progressive salinization in a 1 2020

coastal aquifer using artificial intelligence and 2 a0 1

hydrogeochemical techniques: a case study of the Nile T_f . 2000

Delta aquifer, Egypt. Environmental Science and ‘_: 2

Pollution Research, 29(6), 9318-9340. 20

https://doi.org/10.1007/511356-021-16289-w E 1980
2013 Egypt Ghoraba, S. M., Zyedan, B. A, & Rashwan, I. M. H. @ 1735

(2013). Solute transport modeling of the groundwater 0

for quaternary aquifer quality management in Middle 1980 2000 2020

Year Count

To groundwater salinity maps



